Environmental functions of tropical forest can serve as criteria for forest conservation planning in the tropics. The objective of this study is to evaluate the environmental functions of tropical forest in Kinabalu Park, Sabah, Malaysia, using GIS and remote sensing techniques. Field data, statistical data, including weather data with geographic localities, maps and satellite image are collected. Linear regression models are developed for forests of different geological substrates, based on the relationships between altitude and biodiversity (Fisher's alpha index). Biodiversity conservation function map is derived with the statistical models and a digital elevation model. Coupling with extensive literature review, an evaluation matrix for evaluating soil and water conservation functions including landslide prevention, flood prevention and drought prevention functions, is constructed. To evaluate the soil and water conservation functions, a weighted linear combination method is used with GIS layers of topography, geology, soil depth, rainfall and slope. Forest areas in Kinabalu Park are derived with land cover mapping using Landsat-TM image. Areas having high values of biodiversity conservation, flood and drought prevention functions are covered with mainly lowland rain forest. On the other hand, areas with high values of the landslide prevention function are covered with mainly subalpine forests. Using the environmental functions, a conservation index is computed to represent forests that are important to conservation. Based on the CI, the lowland rain forest receives highest priority in protection. In fact, it is located in the boundary areas of the park and thus exposed to illegal activities.
As a consequence of rapid loss of tropical forest, forest conservation has become an important activity in development planning of a country especially in the tropics. While development is important to a nation, forest conservation is vital to ensure the "resource" is adequately secured for future generations and to maintain at a high percentage cover to tackle many environmental problems such as global warming. Forest conservation can be classified into ex-situ and in-situ conservation. In-situ conservation founded on the basis if and only if acquisition of large pieces of land is feasible. Otherwise, ex-situ conservation is the only way to conserve a species in an artificial environment such as zoo. For long-term management, there is a need to identify which land of a protected area to be emphasized in forest conservation planning with appropriate criteria.
It is well known that a forest possesses so-called functions such as biodiversity conservation function and soil and water conservation/'unctions. Various terms have been used to represent these/'unctions such as environmental preservation functions (Sawada and Tsuyuki, 1988) and ecological functions (Kato et al., 1997; Kato, 1998) . They are often being considered as services or goods of forests or ecosystems in studies related to monetary valuation of the environment (Costanza et al., 1997; Kumari, 1996) . In this study, all these "functions" are termed "environmental functions" in a loose sense, referring to roles or capabilities of the forest ecosystem in maintaining a sound environment that contribute to safety and comfort of the society. They can serve as quantitative criteria to forest conservation planning.
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Biodiversity has been the most frequently employed measures of ecological value for forest conservation. Perhaps chief amongst measures of biodiversity is species richness. Greater number of species tends to embody more genetic diversity, more organismal diversity and greater ecological diversity (Gaston and Spicer, 1998) . Biodiversity indexes such as Fisher's alpha index and Shannon-Wiener index provide better measure of biodiversity because how numbers of individuals are distributed across species is also considered. In Kinabalu area, the Fisher's alpha index and the ShannonWiener index were found indicative of species number per plot (Aiba and Kitayama, 1999) . By binding the soil, forest plays an important role in landslide prevention. Forest can also enhance water retention capacity and ground water recharge by processes such as interception of raindrops that slowing down the rate of infiltration into the soil and result in reduced possibility of drought and flood occurrences. Despite their importance, these soil and water conservation functions are seldom being considered quantitatively in forest conservation planning.
There are many ways to evaluate the environmental functions of forest depending on factors such as purpose, data availability and scale. A regional scale is attempted in this study as it is bounded by scale and availability of data especially maps. It is conceivable as an appropriate scale to conservation planning because what a conservation planner concerns is the spatial distribution pattern and overall understandings of the matter under investigation. Geographic information system (GIS) is an excellent tool that enables input, storage, and manipulation of spatial data for conservation planning purposes. Its capability dealing with spatial dimension has promised a way to evaluate the environmental functions of forest for conservation planning. The objective of this study is to evaluate the environmental functions of tropical forest in Kinabalu Park using GIS and remote sensing techniques.
Study Area
Kinabalu Park is located at the northern part of Kota Kinabalu, the capital of the state of Sabah, Malaysia, between 116°28' and 116 + 4 5 ' E and between 6 + and 6°30'N ( Fig. 1) . Kinabalu Park was gazetted in 1964, with an area of 711 km 2, as the first national park in the State of Sabah and has its boundary changed several times before gaining the present size, 753.7 km 2. Kinabalu Park, with the Low's Peak at 4,095.2 m, contains the highest mountain between the Himalayas and Mount Whelm in Irian Jaya. Lowland areas with an elevation less than 600 m are found mainly in the northern and eastern part of the park while the summit areas are located in the southern part of the park. At the southern part where the park office is found at about 1,680 m, elevation rises to over 4,000 m in only 8.85 km (climbing trail length). Temperature is basically a function of elevation. The lapse rate was reported as 0.55°C/100 m (Kitayama, 1992) . At the park's headquarters at about 1,680 m, the mean air temperature is 18.4°C and decreases to 9.7°C at 3,780 m, near the tree line in the park.
Vegetation of Mount Kinabalu has been studied, but no one yet could give an absolute number of the species present in the Six discrete vegetation zones namely upper lowland rain forest ( < 1,200 m), lower montane rain forest (1,200-2,350 m), upper montane rain forest (2,350-2,800 m), lower subalpine forest (2,800-3,400 m), upper subalpine forest (3,400-3,700 m) and alpine ( > 3,700 m) are delineated based on their great variations in the dominant type, the species composition and the forest structure (Kitayama, 1991 ) . The critical elevations show that the vegetation types are in tact distributed along the elevation gradient. However, mapping the defined vegetation zones using aerial photographs proved to be difficult. It was not able to draw a line to separate the lower and upper montane rain forests (Kitayama, 1991) .
Methods
The environmental functions of forest are defined as biodiversity conservation and, soil and water conservation functions including landslide, flood and drought prevention functions in this study. Procedure to derive the environmental functions is shown in Fig. 2 . Field data, maps and weather data with localities are collected. Coupling with existing knowledge, the field data is used to develop linear regression models for deriving the biodiversity conservation function with a digital elevation model (DEM). A GIS database is constructed by digitizing the maps and the weather data. A scoring matrix based on extensive literature review on soil and water conservation evaluation is constructed for deriving the soil and water conservation functions with the GIS data. 1 Biodiversity conservation function
In Mount Kinabalu area, it is found that species richness (Kitayama, 1992) and the Fisher's alpha index (Kitayama, 1996) reported (Aiba and Kitayama, 1999) . In this study, the Fisher's alpha index calculated from field data using the below formule is used as the indicator of biodiversity conservation function (Source: Kitayama, 1996; Aiba and Kitayama, 1999) .
S= o~ln l+~-
where S is the total number of species per stand, ~ is the alpha index and N is the total number of individuals per stand.
Upon transformation with a natural log on the index, linear regression analysis between the altitude and the biodiversity is carried out separately on non-ultrabasic and ultrabasic substrates. Altitude governs the general decreasing pattern of biodiversity with increasing altitude in both geological substrates and this is shown in the Adjusted R Squares which are more than 0.94. The biodiversity decreases at a greater rate on the ultrabasic forest compared with that of the non-ultrabasie forest. The coefficients of the linear regression models are significant at 1% and 5% for the non-ultrabasic and ultrabasic forests, respectively (Figs. 3 and 4) .
Altitude is derived as a DEM by digitizing contour maps (1:50,000) at 200 feet. As this study attempt to evaluate the biodiversity at a regional scale, raster cell size of 100 m is used for analysis. Ultrabasic and non-ultrabasic substrates are digitized based on a geology map (1 : 100,000) and a vegetation map (1:50,000). Most of the ultrabasic features in both maps are similar but some discrepancies are unavoidable and this might be the results of different specialties and different methods of mapping used. The vegetation map (Kitayama, 1991) was produced using monochromic aerial photographs where cloud cover was a problem. Thus, the most secured approach is adopted where the polygons of ultrabasic substrates of both maps are merged and used in subsequent analyses. Polygons of the two substrates are used to extract the DEM into ultrabasic and non-ultrabasic DEMs where the biodiversity conservation functions on non-ultrabasic and ultrabasic substrates are derived using the empirical relationships.
Soil and water conservation functions
In this study, the soil and water conservation functions refer to landslide prevention, flood prevention and drought prevention functions. Landslide prevention function of lorest can be considered in terms of landslide hazard. The more hazardous an area is, the more important is to keep the forest in place. This is because forest is known to have an important role in preventing landslides by binding the soil with its roots. Generally, the drought and flood prevention functions of forest refer to water retention capability of Ibrest. Forest plays an important role in recharging ground water by increasing the rate at which rainwater infiltrates into the soil.
Environmental factors employed in the GIS evaluation of the soil and water conservation functions are based on extensive review of related literatures especially reports of studies on quantification and evaluation of forest functions by the Japanese Forest Agency (Japanese Forestry Agency, 1989 , 1990 ), Kato etal. (1997 and Kato (1998) . Taken data availability into account, the environmental factors of slope, rainfall, soil depth, geology and topography are employed. Scoring approach is adopted where an evaluation matrix is constructed for evaluating the soil and water conservation functions (Table 1) . Wherever necessary, modifications are made based on reference specific to Borneo where the study area is located (Douglas, unpublished report). In this study, the role of vegetation is treated as a pre-requisite for the functions to be realized. In another word, even if a pixel has a high value lbr a particular soil and water conservation function, as contributed by the environmental settings, it is of no such value at all if forest is not present. Until the existence of forest cover on the ground is known, the soil and water conservation functions produced in this study are only "potential functions" resulted from the environmental settings.
Weighted linear combination of GIS layer that has been widely used in GIS-based studies such as in Kato et al. (1997) is adopted. Weights that describe the relative importance of each factor towards the function are referred to these studies as they have been consulted with experts' opinions. Realization of the weights and scores in the evaluation matrix for the GIS evaluation of the soil and water conservation functions in a weighted linear combination form is as below.
Landslide prevention function = (0.3 N Slope)+(0.2 X Annual Rainfall)+ (0.2 × Soil Depth)+ (0.15 2 N Topography) Slope layer is derived from the DEM. Surface geology layer is constructed by using geology maps (1: 100,000). A scoring scheme is generated to derive soil depth map (Table 2) . Soil depth at the lowlands ranges from 2 m to more than 10 m but it is much less at greater altitude (Burnham, 1974) . Soil depth is divided into thick, medium and thin based on altitude by referring to field observations (Source: Kitayama, 1992; Burnham, 1974) . To generate the layer of annual rainfall, data from 13 climate stations are acquired and imported into a GIS as point layer (Source: Department of Meteorology of Malaysia, Sabah Branch and Dr. Kitayama, K.) . Only year 1996 data are complete for all the stations because some stations were built only very recently but it should not a problem to serve as a general rainfall map in the study area since it is a normal year. The rainfall data (November 1995 -October 1996 , when plotted against the elevation data, do not show any distinctive moisture gradient along the elevation. Average, minimum and maximum rainfall of the study area are 3,274.42mm, 2,451.4mm, and 5,486.8mm, respectively. The locations of the stations are acquired from the Department of Meteorology of Malaysia, Sabah Branch as well as acquired with a portable GPS for the stations located in Kinabalu Park. Voronoi polygons are generated from the point data and are converted into a raster layer.
Topography as categories of divergence, convergence and slope can be derived from a DEM. Topography can be derived using a DEM with the widely used D8 algorithm where a depressionless DEM is first generated and a flow direction (FD) matrix is then approximated by the direction of steepest downhill slope within a 3 N 3 neighborhood cells (Moore et al., 1991; Burrough and McDonnell, 1998 <--0.5 Thin upstream elements for each pixel based on the drainage direction from its eight neighboring pixels. Divergent areas are approximated as ridge lines that can be extracted by selecting pixets without upstream elements (Burrough and McDonnell, 1998) . Convergent areas where surface water accumulates can be represented as streams. Streams networks can be defined by using a threshold of the upstream elements in the flow accumulation map (Moore et al., 1991; Tarboton et al., 1991) . However, there is no physical basis to determine the threshold (Tarboton et al., 1991) . In this study, a GIS procedure is devised to determine the threshold. The Strahler's first order streams are first digitized from the topographic maps. A 100 m-buffer of the streams is generated and divided into 100 m grids where a point is randomly placed on each grid. The random sampled points are then overlaid on the flow accumulation map and data on upstream elements are extracted to compute the mean upstream element. As the threshold determines start point of a stream, it is conceivable that mean upstream element from the first order streams could serve as the threshold. The mean, with an upstream element of 37, is in agreement with the findings of Tarboton et al. (1991) , between 20 and 50 for 21 DEM datasets. All the values of the GIS factors are standardized to scale between zero to one to eliminate differences in measurement units.
Land cover classification
The biodiversity conservation function and the soil and water conservation functions are not possibly exist on an area without forest cover. There is a need to know whether or not forest exists on the ground. Land use maps available to this study cover only a part of the Kinabalu Park. For this, a Landsat-TM satellite image taken on June 14, 1991 is acquired to generate a land cover map through supervised classification using the maximum likelihood algorithm. For the purpose of delineating forest areas in the Kinabalu Park, five land cover classes are broadly defined and they are forest, mangrove, water, bare land and others (grasslands, shrub, agricultural and paddy lands). The classes are attributable to either Anderson Level I or II (Anderson et al., 1976) . As such, the class definition is compatible to classes in land use maps (1:25,000) produce in 1991. Post-classification processing is carried out with a Boolean decision rule with an elevation threshold of 119 m is developed by sampling on the mangrove class of land use layer on the DEM. The mangrove forests that are found in areas with elevation more than 119 m are considered misclassified and are processed. The land cover map generated is shown in Fig. 5 .
To determine the accuracy of the classification using the GIS approach, the land use maps is digitized into a GIS vector layer. Although there is a definitional difference between a land use and a land cover, the land cover class definition employed in this study is compatible with the land cover extracted from the land use maps. Overall classification accuracy is 82.15%, which can be considered as very good. The main purpose that is to obtain forest areas is also achieved because producer's accuracy and user's accuracy are 72.43% and 79.22 %, respectively (Table 3) .
Results

Environmental functions of tropical forests
The land cover map produced using satellite image classification is used to generate a Boolean mask comprises of forest and non-lbrest areas. It is resampled into 100 m-pixel resolution to facilitate the resolution of the environmental functions maps. There are small areas that are not covered by the satellite image are however covered by the land use maps. All the environmental function maps are processed with the Boolean mask to mask out non-forest areas.
As mentioned in previous section, the vegetation map (Kitayama, 1991) contains only the forest types of lowland rain forest, montane rain forest, lower subalpine and upper subalpine forests and we adopt it only to ease our summary and interpretation of the resulted environmental functions. The environmental functions maps are interpreted by overlaying forest types on them where a 500 m-grid for the lowland 1992, 1996) and Aiba and Kitayama (1999) . The soil and water conservation functions are also interpreted in similar way. In terms of landslide prevention, areas covered with the lowland and montane rain forests play little roles compared with areas covered with the subalpine forests (Fig. 7) . The subalpine forests, located at higher elevations, are more susceptible to landslide than those that located at lower elevations. It is therefore important to protect the subalpine forests in order to maximize the soil binding effects of the root systems and the rain interception effect of the forests. In terms of flood and drought prevention functions, the patterns are similar to the biodiversity conservation function where areas with highest values are covered with mainly the lowland rain forest, followed by the montane rain and followed by the subalpine forests (Figs. 8 and 9) . The forest at these highly important areas should be emphasized because it can play a very important role in ground water recharge by enhancing the water retention capacity of the soil, provided no extreme weather conditions.
Conservation index of tropical forests
A conservation index (C/), indicating area that is important to conservation in terms of the environmental functions, can be calculated based on standardized values, as follow:
CI = (BCF + LPF + FPF + DPF)/4 × 1 O0
Where BCF, LPF, FPF, and DPF are biodiversity conservation, landslide prevention, flood prevention and drought prevention functions, respectively.
The C1 is proposed as a simple and flexible averaging form so that additional functions or criteria can be incorporated at ease. Other criteria such as fragility, uniqueness and rarity can be incorporated whenever available. The CI that combines the environmental functions into an index provides an overall idea about areas to be emphasized in conservation planning (Fig. 10) . The areas covered with the lowland rain forest are dominating other areas as indicated in the CI due to its shares from the biodiversity conservation, flood prevention and drought prevention functions. In contrast, the areas covered with the subalpine forests show much lower C1 value than that of the lowland rain forest. While the biodiversity conservation, flood and drought prevention functions are decreasing in corresponding to the changes of forest type from the lowland rain forest to the subalpine forests, only the landslide prevention function is increasing.
Discussion 1 Evaluation of the environmental functions
As a simple and fast approach for planning purposes, the GIS evaluation approach is globally applicable. The environmental functions evaluation using GIS techniques can be found in temperate regions but are rare in the tropics. The GIS approach used in study in Japan was suggested for applications in Southeast Asia based on its relative similarity in the land characteristics (Kato et al., 1997) . The GIS evaluation approach is similar to the widely known case of soil erosion evaluation using the Universal Soil Loss Equation (USLE) with GIS techniques. Though, unlike the USLE, the GIS evaluation approach produces only relative importance regarding the soil and water conservation functions. Sawada and Tsuyuki (1988) evaluated the landslide prevention, soil erosion, flood prevention and water conservation functions, pollutants (nitrogen and phosphorus) purification functions and a function related to comfort of habitation using the GIS approach with a grid size of 50 m X 50 m for watershed management purpose. The GIS approach for evaluation of the environmental functions has been further developed into the approach that incorporates weights to encounter the relative importance of different factors on a particular function (Kato et al., 1997; Kato, 1998; Zheng and Nagumo, 1994) . The landslide prevention, soil erosion, water retention capacity and air pollution control functions were evaluated at a national level with a spatial resolution of 1 km × 1 km for conservation of rural landscape (Kato et al. 1997; Kato, 1998) . On the other hand, Zheng and Nagumo (1994) , at a scale of forest compartment that comprises broad-leaf and needle-leaf forests, emphasized only forest variables of management intensity, density and age in the GIS evaluation.
Data availability is a problem lacing studies using the GIS evaluation approach (Sawada and Tsuyuki, 1988; Kato et al., 1997) , especially in Asian countries (Kato et al., 1997) . In this study, factors used mainly referred to the factors in Japansese Forestry Agency (1998) but unavailable factors are unavoidably excluded. History of landslide, floods and drought are among listed factors in Japanese Forestry Agency (1998) but were not available to this study.
Surface geology, topography, slope and annual rainfall are the common factors used to evaluate the landslide prevention function in Sawada and Tsuyuki (1988) , Kato et al. (1997) and this study. Regarding soil factors, we used soil depth while Kato et al. (1997) used soil texture. Land use and vegetation types are two additional factors included in Sawada and Tsuyuki (1988) and Kato et al. (1997) . Slope direction and elevation are other additional factors used in Sawada and Tsuyuki (1988) . Flood prevention function was evaluated in Sawada and Tsuyuki (1988) and in this study. The factors used in Sawada and Tsuyuki (1988) and this study are generally similar except factors related to soil and land use. As soil factors are concerned, we employed soil depth compared with soil classes in Sawada and Tsuyuki (1988) . Land use is not relevant as the land use of the study area is a park. On the other hand, only this study evaluated the drought prevention function.
In this study, the forest is considered as having an enhancement effect on the soil and water conservation functions. The functions will be devastated or may no longer exist if the forest as an integrated part of the forest ecosystem is vanished. It is realized by constructing a land cover map using satellite image. This is founded on the well-known differences of discharge between a bare ground and a forest area on granite rock (Japanese Forestry Agency, 1990) .
Forest types may have played a role in the soil and water conservation functions due to different structures they posses. However, the relationships between various forest types and the functions have not well established yet. Positive and negative effects of various variables of forest exist at the same time and which are dominant are not known. For example, large leaf area possessed by the lowland rain forest may allow more slow water discharge into the soil through the process of interception but it also provides more area for evaporation. The forest types as a factor layer if and only if the relationships between the forest properties and the indicators of the soil and water conservation are well established. As the evaluation approach is weighted linear combination of map layers, it is flexible to include additional data layer.
Biodiversity is a widely used criterion in planning activities related to forest but have not been dealt in these studies. It is especially important to lbrest conservation planning where the more diversify an area, the higher its conservation value. Though, needs to stress here is that other biological criteria such as rarity should also be considered in practice. To determine the biodiversity value of a particular area with field survey, a great deal of time and money are needed. Besides, lack of expertise, an acute problem in the tropics, makes it a difficult task to accomplish. Points data that from field survey is an invaluable source of data for GIS mapping at a regional scale, provided an environmental gradient exists.
Implications to forest conservation planning
The ultrabasic forest is a unique ecosystem and should be given high priority in conservation irrespective of the C1 values. For the areas of non-ultrabasic forests (lowland, montane and subalpine forests), the CI can serve as a guide to the park management regarding which area is important in terms of the environmental functions. The areas covered with the subalpines forests, which are important in terms of landslide prevention, are relatively protected from illegal activities as their distributions are far from the boundary. Furthermore, there are no settlements within the park. On the other hand, the areas with highest CI that are covered with the lowland rain forest are geographically distributed at the boundary area of the park and are relatively exposed to illegal activities (Fig.  10 ). This depicts a practical management problem in terms of forest protection because the park stretches about 54 km and about 32 km in North-South and East-West directions, respectively. With a boundary length that comes up to about 205 km and with the park headquarter located in the South, protecting the park against illegal activities is surely not an easy task.
As a result of the UNESCO's Man and Biosphere Program, a concept of model biosphere reserve that emphasizes incorporation of local people's needs and perception in the establishment and management of reserves was born. It was described as a protected area that consists of a core and a buffer zone surrounding the core area (Well and Brandon, 1993) . The core area is usually the most important area that corresponds to the main objective of initial designation of the protected area. The buffer zone plays an important role by separating the core area from intensive human use areas. There is no general way to define the core area except to follow the main interest of the protected area designation. If protecting the forest with highest values of environmental functions is the objective of the management of Kinabalu Park, the areas covered with the lowland rain forest can be thought as the core area. If the biosphere reserve model is to be adopted, a buffer zone in the surrounding areas of the park is inevitable. In practice, however, it is not an easy task as land is a prime resource. Buffer zone establishment is rarely successful due to lack of legal authority of the park or protected area agencies over the zone, to failure of incorporating local knowledge and recognizing local people needs (Sanjay and Weber, 1994) . A 1.5 km buffer surrounding the park boundary easily includes five settlements and another 1.5 km buffer from the first one adds five more settlements into it (Fig. 10) . ff a buffer zone is to be established to enhance the forest conservation of the park, careful planning is vital to minimize conflicts between local people and the park management.
Conelusion
Beside the overwhelming biological criterion, soil and water conservation functions are also useful to guide the management in conservation planning. The biodiversity conservation function represents biological resources conserved for future generations while the soil and water conservation functions contribute towards safety and comfort of society. They are quantitative criteria that can be derived with GISbased evaluation techniques. This study demonstrates the use of GIS and remote sensing techniques for evaluation of the environmental functions in Kinabalu Park. The biodiversity conservation function map is evaluated by integrating GIS data and statistical models based on field data. The soil and water conservation functions are evaluated with weighted linear combination of GIS data based on existing knowledge. Remote sensing techniques contribute to mapping of forest areas in the park. The CI is potentially useful to forest conservation planning provided that appropriate criteria are considered.
